Cancer stem cells are responsible for tumor formation through self-renewal and differentiation into multiple cell types, and thus represent a new therapeutic target for tumors. Glycoproteins play a critical role in determining the fates of stem cells such as self-renewal, proliferation and differentiation. Here we applied a multi-lectin affinity chromatography and quantitative glycoproteomics approach to analyze alterations of glycoproteins relevant to the differentiation of a glioblastoma-derived stem cell line HSR-GBM1. Three lectins including concanavalin A (Con A), wheat germ agglutinin (WGA) and peanut agglutinin (PNA) were used to capture glycoproteins, followed by LC-MS/MS analysis. A total of 73 and 79 high-confidence (FDR < 0.01) glycoproteins were identified from the undifferentiated and differentiated cells, respectively. Label-free quantitation resulted in the discovery of 18 differentially expressed glycoproteins, wherein 9 proteins are localized in the lysosome. All of these lysosomal glycoproteins were up-regulated after differentiation, where their principal function was hydrolysis of glycosyl residues. Protein-protein interaction and functional analyses revealed the active involvement of lysosomes during the process of glioblastoma stem cell differentiation. This work provides glycoprotein markers to characterize differentiation status of glioblastoma stem cells which may be useful in stemcell therapy of glioblastoma.
Introduction
There is increasing evidence that cancer stem cells are responsible for tumor formation and growth. [1] [2] [3] These cells represent a new target for the treatment of tumors. The existence of cancer stem cells has been shown in various tumors [4] [5] [6] [7] , including glioblastoma [8] [9] , which is the most malignant brain tumor with a median survival of only 9 to 12 months 10 . Our previous work demonstrated that targeting cancer stem cells by blocking Notch or BMP pathway prevents glioblastoma or medulloblastoma propagation both in vitro and in vivo and prolongs survival in mice bearing intracranial xenografts. [11] [12] [13] [14] Cancer stem cells share "stem-like" properties with normal stem cells, including self-renewal and differentiation capacity, and these cells may generate tumors through self-renewal and differentiation into multiple cell types. Therefore, it is of intense interest to understand the molecular alterations and signaling pathways involved in the differentiation of these cancer stem cells.
Glycoproteins are a group of proteins with oligosaccharide chains attached to them. These proteins are ubiquitously distributed in various tissues and cells, and are primarily localized on the cell surface.
According to some studies, cancer is associated with alterations in glycoproteins. [15] [16] [17] Glycoproteins play important roles not only in cell-cell interaction and signal transduction, but also in determining the fates of stem cells such as self-renewal, proliferation and differentiation. 18 Most of the known markers of cancer stem cells in solid tumors are glycoproteins 2, 19 , indicating the significance of glycoproteins for cancer stem cells.
Glycoproteomics is a branch of proteomics that studies the entire complement of glycoproteins. Mass spectrometry plays a vital role in the analysis of glycoproteins and the structures of their glycan moieties. [19] [20] [21] [22] Glycoproteomics has been greatly facilitated by the use of lectin affinity chromatography [23] [24] [25] and chemical methods [26] [27] for the enrichment of glycoproteins or glycopeptides. Although many proteins associated with the differentiation of stem cells [28] [29] [30] [31] [32] have been identified by quantitative proteomic approaches, little is known about the alterations of glycoproteins during the differentiation of stem cells, especially cancer stem cells. In related work, the study by Janot et al. has investigated glycogenome expression dynamics during mouse C2C12 myoblast differentiation and identified 37 5 highly deregulated glycogenes. 33 In another study, potential stage-specific glycobiomarkers of murine embryonic stem cells were identifed using a concanavalin A (Con A) enrichment and an LC-MS/MS approach. 34 However, these studies did not investigate the cancer stem cell problem where these cells have unique proliferative and survival mechanisms.
In an effort to identify glycoproteins relevant to the differentiation of glioblastoma stem cells, we have applied a lectin-assisted glycoproteomics approach. Glycoproteins captured from both undifferentiated and differentiated stem cells were identified using LC-MS/MS and a set of differentially expressed glycoproteins found with a label-free quantitation method. Based on the differentially expressed glycoproteins we developed a protein-protein interaction network to elucidate their potential functions.
Materials and Methods
Cell Culture. The HSR-GBM1 neurosphere cells were cultured as previously described 13, 35 and maintained in the NeuroCult proliferation medium (Stem Cell Technologies, Vancouver, Canada) supplemented with 10 ng/ml EGF (PeproTech, Rocky Hill, NJ), 10 ng/ml FGFb (PeproTech), and 2 ug/ml heparin (Sigma, Saint Louis, MO). Differentiation of the neurospheres was achieved by plating 0.9-1 x 10 5 cells/cm 2 on a poly-ornithine (15 µg/ml) coated culture plate and maintaining in the NeuroCult differentiation medium (Stem Cell Technologies) as described previously 35 .
Protein Extraction. Approximately 20 million cells were harvested and washed twice with 10 mL of PBS (0.01 M phosphate, 0.15 M NaCl, pH 7.4) to remove culture medium. The cell pellets were then resuspended in 1 ml of lysis buffer (1% octyl-β-D-glucopyranoside, 20 mM Tris-HCl, pH7.4, 150 mM NaCl and 1% protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO)), and homogenized with 25 strokes in a Dounce glass homogenizer with a tight-fitting pestle. After 10-minute incubation on ice, the process was repeated. The cell lysates were centrifuged at 40,000g for 30 min at 4 °C. The supernatants were collected and the protein concentrations were determined by the Bradford method 36 . In order to obtain accurate results, the assay was performed twice using different dilutions of cell lysates.
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Lectin Affinity Chromatography. Two centrifuge columns (Thermo Scientific, IL) were packed with the same agarose-bound lectin mixtures including 0.8 mL of concanavalin A (Con A), 0.8 mL of wheat germ agglutinin (WGA) and 0.8 mL of peanut agglutinin (PNA). All the lectins were obtained from Vector Laboratories (Burlingame, CA). The columns were washed with 7.2 mL of binding buffer (20 mM Tris-HCl, pH7.4, 150 mM NaCl, 1mM MgCl 2 , 1mM CaCl 2 and 1mM MnCl 2 ). Cell lysates containing 1.8 mg of proteins were diluted four times with ice-cold binding buffer, and passed through the columns twice, followed by column washing with 9. values for all the charge states (+1, +2, and +3) were automatically adjusted to achieve the predetermined FDR value. If multiple proteins share the same peptide sequences, they will be reported as a protein group.
Label-free quantification of proteins. Proteins identified from the undifferentiated and differentiated
HSR-GBM1 cells were quantified using a label-free method termed the normalized spectral index (SI N ) 39 . SI N is defined as the cumulative fragment ion intensities for all spectra counted for a protein (SI) normalized by the sum of SI over all proteins and by the length of the protein. The SI N approach is a good choice to quantify MS data generated by an ion-trap mass spectrometer. 40 SI N fold-change of a given protein was calculated as the ratio of the average SI N for the protein between two samples. A 4-fold change was considered as a significant difference.
Results and Discussion

Morphology of the Undifferentiated and Differentiated HSR-GBM1 Cells. The HSR-GBM1
neurosphere line is derived from human glioblastoma, and it displayed all of the critical features of neural stem cells such as self-renewal and multilineage differentiation. 35 A representative phase micrograph showed that the undifferentiated HSR-GBM1 neurospheres were growing as spheres in the proliferating medium ( Figure 1A ). However, when the neurospheres were forced to differentiate, the cells became attached and grew as a monolayer ( Figure 1B ). Evaluation of Cell Differentiation. A neural stem cell marker CD133 and a glial cell differentiation marker GFAP were used to evaluate the differentiation of HSR-GBM1 neurospheres. When the neurospheres were induced to differentiate, the expression level of CD133 was reduced about 7 folds ( Figure 2A ). This implies that most of stem cell markers were lost after differentiation as expected. At the same time, a 4-fold increase of GFAP was also observed ( Figure 2B ), indicating that the induction of cell differentiation was successful in this work.
Profiling of Glycoproteins by Lectin Microarray. Lectin microarrays consisting of 8 lectins were
used to profile glycoproteins from cell lysates of the undifferentiated and differentiated HSR-GBM1
cells. The specificities and other information of these lectins are shown in Supplementary Table S1 .
Similar binding patterns of various lectins to glycoproteins were observed for the two states of HSR-GBM1 cells ( Figure 3 ). This suggests that the amount of total glycoproteins is not significantly changed.
However, we believe that the expression levels of individual glycoproteins change along with the differentiation of HSR-GBM1 neurospheres. Lectin blot analysis of the cell lysate separated by 1-D gel showed obvious changes of individual glycoproteins, especially those at high molecular weight, although the total glycoprotein expression levels were similar between the undifferentiated and differentiated cells ( Figure S1 ).
Enrichment of Glycoproteins by Lectin Affinity Chromatography. The combination of lectins
with broad carbohydrate specificities could elevate the binding efficiency of glycoproteins and increase the coverage of glycoprotein identifications. N-linked glycans have a common core structure (Man)3(GlcNAc)2, where both Con A and WGA lectins have high affinity. Due to their wide specificity, Con A and WGA have been most commonly used to capture glycoproteins. In our previous work 19 , we found higher expression of galactosylated glycoproteins on the cell surface of HSR-GBM1
stem cells compared with a traditional glioblastoma cell line U373, and the beta-galactose specific lectin PNA could distinguish the difference. Therefore, we use the combination of Con A, WGA and PNA to capture glycoproteins in this work.
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Identification of Glycoproteins. The proteins eluted from lectin columns were digested and analyzed by LC-MS/MS using an LTQ mass spectrometer. A representative base peak chromatogram and an MS/MS spectrum are shown in Figure 4 . When the FDR was set to < 0.05, the database search using SEQUEST algorithm resulted in the identification of 112 glycoproteins from the undifferentiated cells (Supplementary Table S2) , and 131 glycoproteins from the differentiated cells (Supplementary Table   S3 ). When the FDR was set to < 0.01, the number of glycoprotein identifications was 73 and 79 for the undifferentiated and differentiated cells, respectively (Supplementary Table S4 and Table S5 ). The numbers of glycoproteins are comparable to those from similar studies. 34, 41 In the present work, we focus on the glycoproteins with high confidence (FDR < 0.01).
The high-confidence glycoproteins from six replicate MS measurements were clustered in a heat map based on the similarities in their normalized spectral indexes ( Figure 5 ). As shown in the heat map, all of the six MS replicates for each cell line were successfully clustered. The Pearson correlation coefficient between any replicate experiments was higher than 0.95. This indicates that our experiments are highly reproducible. Meanwhile, the undifferentiated and differentiated HSR-GBM1 cells could be visually separated due to the different expression patterns of the glycoproteins in the two cell samples.
The glycoproteins identified from both undifferentiated and differentiated cells were mainly localized to the membrane, endoplasmic reticulum and lysosome ( Figure 6 ). However, the subcellular distribution patterns were different between the two states of HSR-GBM1 cells. The most dramatic difference was observed for lysosomal glycoproteins. Along with cell differentiation, the number of lysosomal glycoproteins increased from 13 (18%, Figure 6A ) to 21 (27%, Figure 6B ). This phenomenon is likely to be associated with the activation of lysosomal function during cell differentiation, as observed from dendritic cells 42 and osteoblasts 43 . As the disposal system of the cell, lysosomes may play an important role in the degradation of the damaged or internalized proteins during the process of stem cell differentiation.
42, 44
Differentially Expressed Glycoproteins. The glycoproteins identified from undifferentiated and differentiated HSR-GBM1 cells were quantified using a label-free normalized spectral index method, 11 which combines fragment ion intensity with spectral count and peptide count. This quantitative method can accurately determine protein abundance more often than the other label-free methods such as spectral count, area under the curve and peak area.
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A total of 18 differentially expressed glycoproteins between undifferentiated and differentiated HSR-GBM1 cells were identified. The detailed information of these proteins are listed in Table 1 .
Interestingly, 9 (50%) of these proteins were localized in the lysosome, all of which were up-regulated in the differentiated cells. This further confirmed the critical role of lysosomes in cell differentiation.
According to the label-free quantitation, four glycoproteins were up-regulated in the undifferentiated cells compared with differentiated cells. These include Receptor-type tyrosine-protein phosphatase zeta (PTPRZ1), Procollagen-lysine,2-oxoglutarate 5-dioxygenase 1 (PLOD1), Prolyl 4-hydroxylase subunit alpha-1 (P4HA1) and Tenascin-C (TNC). The other 14 differentially expressed glycoproteins displayed a significant increase in the differentiated cells. CD133, the well-known marker of the undifferentiated HSR-GBM1 neurospheres, was not among the list in Table 1 . As shown in Supplementary Table S4 ,
CD133 was identified from the undifferentiated cells in only one LC-MS/MS experiment with only one
peptide. This may be attributed to the low solubility and poor tryptic digestion efficiency of the fivetransmembrane protein.
Verification of Differential Expression by Western Blotting. We applied Western blotting analysis
to further verify the changes of the glycoproteins in Table 1 . Five interesting proteins were selected for the verification, including PTPRZ1, TNC, Epidermal growth factor receptor (EGFR), Cathepsin D (CTSD) and Proactivator polypeptide (PSAP). The down-regulation of PTPRZ1 and TNC, as well as the up-regulation of EGFR, CTSD and PSAP in the differentiated HSR-GBM1 cells was confirmed ( Figure   7 ). It is noteworthy that consistent with the label-free quantitation results shown in Table 1, PTPRZ1 was detected exclusively in the undifferentiated cells ( Figure 7A ), while EGFR was detected exclusively in the differentiated cells ( Figure 7C ).
Protein Interaction Network.
A protein-protein interaction network of the differentially expressed glycoproteins was generated using the STRING database 45 , which integrates interaction data from 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 12 various sources, including experimental repositories, computational analysis methods and previous knowledge. In STRING, a confidence score is assigned to each protein-protein interaction. An interaction will be considered as "high confidence" if the score is higher than 0.7. In our work, the interaction network of the differentially expressed glycoproteins contains 18 high-confidence interactions for 13 differentially expressed glycoproteins (Figure 8 ).
Note that the 9 proteins inside the box in Figure 8 All of the 4 proteins outside the box in Figure 8 are localized to the plasma membrane. Both PTPRZ1
and TNC have been identified as cell surface markers for the undifferentiated HSR-GBM1 neurospheres in a previous work. 19 These two proteins interact with each other 51 , and their overexpression is associated with human glioblastomas. [52] [53] PTPRZ1, which is a receptor-type tyrosine phosphatase, was specifically expressed in the undifferentiated HSR-GBM1 cells ( Figure 7A ). In contrast, a receptor 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 tyrosine kinase EGFR was detected exclusively in the differentiated cells ( Figure 7C ). The function of PTPRZ1 and EGFR may be related to regulation of cell proliferation and differentiation by control of tyrosine phosphorylation. Previously, Filvaroff et al. 54 found that tyrosine phosphorylation played an important regulatory role in the differentiation of keratinocytes, and tyrosine kinase inhibitors showed the ability to interfere with cell differentiation. In our work, the tyrosine phosphatase PTPRZ1, which can reduce tyrosine phosphorylation, was highly expressed in the undifferentiated cells. This may represent an important way to keep the HSR-GBM1 stem cells undifferentiated.
Conclusions
We identified a set of glycoproteins associated with the differentiation of a glioblastoma-derived stem cell line HSR-GBM1 using a multi-lectin affinity chromatography and label-free quantitative proteomics An improved understanding of these protein alterations and the signaling pathways where they are involved will broaden our knowledge about the differentiation of glioblastoma stem cells, and may provide useful information for the therapy of glioblastoma.
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